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         Quantum computers are predicted to utilize intrinsically quantum mechanical properties of 
matter to perform difficult computational tasks exponentially faster than ordinary computers 1 . 
Isolating and manipulating the delicate quantum states of individual quantum bits as well as 
carrying out the necessary quantum error correction essential for quantum computation require a 
daunting amount of precision. Topological quantum computation  proposes to use braiding of 
collective excitations implanted in topologically ordered coherent quantum states of many 
particles, as opposed to a single particle, to perform quantum computation. Here we explicitly 
work out how to manipulate and detect topological excitations in a specific system, cold atom 
optical lattices. A key feature of these topological excitations is their braiding statistics, how they 
behave when one excitation is taken around another. An observation of the non-trivial braiding 
statistics described in this Letter would directly establish the existence of anyons, quantum 
particles which are neither fermions nor bosons. Demonstrating anyonic braiding statistics is 
tantamount to observing a new form of matter, topological matter. Once created, excitations in 
quantum topological matter, as opposed to delicate single particle quantum states, can provide a 
much more robust way to encode and manipulate quantum information.    
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        Quantum computation utilizes special resources of quantum mechanics, unavailable in the usual 
Boolean algebra based classical computation, for carrying out certain tasks, such as prime factorization, 
exponentially faster than that possible in a classical computer1 .  These special resources of quantum 
mechanics are unitary evolution, exponentially large size of the quantum mechanical Hilbert space, and 
quantum entanglement.  But, quantum computation, while being possible in principle, is turning out to 
be impractically difficult because quantum error corrections are very hard to carry out, and without error 
correction, no computation, quantum or classical, is feasible. The standard route to a quantum computer 
involves one- and two-qubit gates, where each qubit (short for a quantum bit), the basic unit of a 
quantum computer just as a bit is for a classical computer, is a quantum two-level system, which can be 
controlled and manipulated externally.  Single qubit gates involve complete exploration of the 2-level 
system, i.e. the ability to carry out arbitrary rotations in the appropriate 22×  qubit subspace.  The two-
qubit gates involve the ability to carry out arbitrary entanglement and disentanglement of any two qubits 
at will.  If both one- and two-qubit operations can be carried out with arbitrary precision then quantum 
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computation is assured.  The problem, of course, is that no physical operation can be arbitrarily precise.  
For quantum systems, the additional problem is that quantum states decohere; they do not last forever, 
leading to inevitable errors in gate operations.  Amazingly, various protocols exist for carrying out 
quantum error corrections so that, at least as a matter of principle, quantum computation based on a 
collection of qubits is theoretically possible.  But quantum error correction requires enormous overhead 
in terms of a large number of additional qubits which need to be supplied in order to carry out fault-
tolerant quantum computation .  Unfortunately, the tolerance for quantum error correction is very small, 
which leads to the necessity for a very large number of ‘physical’ qubits for each ‘logical’ qubit. The 
precise number depends a great deal on the physical system being used and the error correction 
protocols, but the estimate is that one may need hundreds, if not thousands, of physical qubits for each 
logical qubit in a mind-bogglingly complex quantum computer architecture, which may turn out to be 
completely impractical to control and manipulate.  In fact, little real progress has been made in our 
understanding of the hardware needs for fault-tolerant quantum computation including practical 
quantum error correction schemes since the current research is mostly concentrated in understanding the 




        In this context, a revolutionary recent development is the concept of topological quantum 
computation , which essentially eliminates the need for software-level quantum error correction.  In a 
topological quantum computer the fault tolerance is achieved by the underlying physics of the system, in 
other words, a topological quantum computer is robustly protected from local errors by the physical 
hardware and one does not, in principle, need any quantum error correction protocols, at least in its ideal 
manifestation.  As has been stated before, a topological quantum computer is ‘deaf’ or immune to noise 
whereas a regular qubit-based quantum computer (e.g. ion traps , spin  or superconductor  
based solid state quantum computers) requires additional noise reduction mechanisms through quantum 
error correction procedures. The topological state of matter has enhanced ground state symmetries which 
do not exist in the Hamiltonian of the system.  This enhanced topological symmetry protects the ground 
state from quantum errors associated with external fluctuations providing the robustness needed for 
fault-tolerant quantum computation. The early proposal  for topological quantum computation was 
studied mostly as a deep mathematical curiosity because no physical implementation was thought to be 
possible (and certainly, none was suggested).  This all changed in the last year or so when serious 
specific suggestions  were made to actually build a topological quantum computer in the laboratory 
using  high-mobility two-dimensional semiconductor transistors at low temperatures.  These suggestions, 
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involving manipulation of delicate fractional Quantum Hall (FQH) states in low-temperature two-
dimensional electron layers, have generated a great deal of interest in a  broad spectrum of disciplines 
including physics, mathematics, computer science, and of course, quantum computation. Several groups 
are currently working on carrying out experiments to see if the proposed FQH topological quantum 
computation is feasible even as a matter of principle. 
  
        The main problem in carrying out topological quantum computation using FQH states is that there 
is essentially no experimental evidence supporting the topological nature of these states.  One simply 
does not know if the actual experimentally observed FQH states, the so-called 5/2 and 12/5 FQH states, 
are in fact topologically robust allowing quantum computation.  Therefore, initial experimental work, 
likely to take years, will be directed entirely toward an experimental demonstration of the topological 
nature of these states. Such an experimental demonstration by itself will be important since topological 
quantum states have never been directly observed experimentally.  
 
           In this letter, we discuss a different situation, where the topological nature of the quantum state is 
assured by design, i.e. the quantum state is constructed as a topological state. There are model systems 
controlled by Hamiltonians whose properties guarantee topological protection.  The most famous 
example of this is the magnetic Kitaev lattice, constructed in the pioneering proposals  on topological 
quantum computation.  If such a Hamiltonian can be constructed then its topological robustness is 
guaranteed.  Precise proposals to construct an artificial Kitaev lattice using atomic optical lattices have 
recently been made in the literature .  So we know how to make a Kitaev lattice, and we also know 
that such a lattice will have the necessary topological quantum immunity.  In addition, recent numerical 
results18  show that weak, local perturbations (e.g. a stray Zeeman field or unwanted interaction terms) 
do not destroy topological order. But the problem that has remained unresolved, and what we solve in 
this letter, is to figure out how to carry out the topological gating operations, called ‘braiding’ in the 
technical literature, on such an optical lattice based topological system.  Our suggested braiding 
technique, which we work out in detail, can not only be implemented on the proposed Kitaev optical 
lattice, but also be used in other recent proposals for doing topological quantum computation involving 
p-wave atomic superfluid systems19  and the extended Hubbard model .  Our work here is the first 
demonstration of how one can carry out elementary braiding operations in optical lattices, which are 
necessary for topological quantum computation.  The recent proposal for the FQH quantum computation 
has generated excitement simply because it shows how quantum interferrometry in semiconductor 





demonstrates how to carry out braiding operations in the optical Kitaev lattice, in the process clarifying 
the nature of the topological excitations in the optical lattice topological system.  Even the simple 
observation of topological (“anyonic”) properties in an optical lattice along the line of our proposed 
braiding procedure will be a breakthrough achievement since anyonic statistics have never been directly 
demonstrated in any experimental system.  Our braiding suggestions should lead to the observation of 
anyonic statistics in optical lattices, paving the way for further developments in optical lattice quantum 
computation. 
 
      The Kitaev model is an elegantly simple, exactly soluble lattice model that carries excitations with 
both Abelian and non-Abelian braiding statistics, which are the hallmarks of topological quantum matter, 
i.e. excitations which do not obey ordinary bosonic and fermionic statistics, but are anyons with more 
complex statistical behavior . Consider a set of individual spins placed at the vertices of a two 
dimensional honeycomb lattice with a spatially anisotropic interaction between neighboring spins. The 
Hamiltonian is given by : 
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jx JJJH σσσσσσ ∑∑∑
−−−
−−−=  ,      (1) 
where  are interaction parameters and  are the Pauli matrices at the siteαJ
ασ j j , for zyx ,,=α . 
Normally, neighboring spins in Heisenberg models interact isotropically so that the spin-spin interaction 
does not depend on the spatial direction between neighbors. In the above model, however, neighboring 
spins along links pointing in different directions (see Fig. 1a) interact differently. Though somewhat 
unphysical, this model contains conserved quantities allowing an exact solution for both the ground and 
excited states. Two distinct regimes, defined solely by the interaction parameters, carry excitations with 
either Abelian or non-Abelian braiding statistics. For most of this Letter we focus on the former as a 
conceptual first step toward realizing non-trivial braiding statistics. While it is theoretically well-
established that Eq. 1 offers a simple test bed for exotic braiding statistics, it may, at first, seem difficult 
to find a system in nature described by such a model so that braiding statistics can actually be realized 
experimentally. Ultracold atoms in optical lattices offer the possibility of designing such a system, 
which is, in effect, an analog simulator of Eq. 1. 
 
       Three key properties of ultracold, neutral atoms may allow implementation of the above lattice 
model: 1) They couple to the intensity of externally applied standing wave lasers through an AC-Stark 
shift. 2) Their internal hyperfine states allow a mapping onto spin one half particles. 3) They interact via 
a short-range, contact interaction. In applying the first property, consider three pairs of counter-
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propagating lasers interfering with one another so that their intensity minima define a quasi-two 
dimensional, hexagonal lattice. The intensity minima establish rigid potential minima which trap atoms 
in a two-dimensional, hexagonal pattern. The second property naturally allows a mapping onto a spin 
lattice model while the third property, combined with hopping between sites, imposes an isotropic spin-
spin interaction. The implementation scheme of Ref. [16] incorporates additional lasers that define 
direction and spin dependent potentials. The spatial anisotropy in hopping from site to site maps onto the  
anisotropic lattice model defined in Eq. (1) (Supplementary Information Section 1). By carefully tuning 
the spin-dependent lattice depth (controlled by the impinging laser intensity) in different directions, one 
can in principle access all phases of the model. An important aspect of any implementation scheme 
incorporating standing wave lasers is that the lattice spacing is on the order of the laser wavelength. 
Accordingly, laser probes of the above system are diffraction limited to incorporate several sites at the 
same time and therefore prevent single particle manipulation. As we will see, braiding and probing the 
excitations of the model requires control over single atoms at specific lattice sites. Below we propose 
techniques designed to both braid and detect the accumulated statistical phase of individual excitations, 
thus overcoming a conceptual barrier in testing exotic braiding statistics in optical lattices. 
 
      Given the ability to engineer the ground state of the above model, how do we create excitations? In 
what follows we consider the limit defining the Abelian phase, . For , the low 
energy Hilbert space is spanned by aligned pairs of z-links (↑↑  or ↓↓ ) on neighboring sites. The 
direction of alignment (up or down), however, is not fixed energetically. The ground state, therefore, is 
highly degenerate.  Doing degenerate perturbation theory in  and  which lifts this degeneracy, 
while preserving the ground state subspace, the original Hamiltonian reduces to 3 : 
yxz JJJ ,>> 0x yJ J= =
xJ yJ
∑−= p peffeff WJH , 
where 322 16 zyxeff JJJJ =  and the sum is over all plaquettes (hexagons).  is unitarily equivalent to 
the toric code , in the terminology of topological quantum computation. It is written in terms of the 
operator associated with lattice plaquettes, W , see Fig. 1a, which can have 
eigenvalues +1 or –1.  tests the spin orientation around hexagons. The ground state is defined as a 






1+=pW  for all plaquettes. Any spin configuration on 
a plaquette which violates this condition defines an excitation and is called a vortex, borrowing 
nomenclature from  gauge theory to which the model, in this limit, can be mapped. By 
simultaneously applying a pair of spin operators (Figs. 1b and 1c), one for each neighboring site 
separated by a -link on a plaquette 
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Figure 1: a, Links x, y, and z on a hexagonal plaquette,  p, with sites depicted by open and filled circles. 
b, A horizontal pair of e-vortices created by the application of the spin operator, 211 I
zz ⊗=σσ  to two 
sites along a z-link, where I  is the unit operator. c, A vertical pair of e-vortices created with the 
simultaneous application of two spin operators, xyy 211 σσσ ⊗= . d, Horizontal move of an e-vortex by 
repeated applications of zσ  operators. e, Vertical move of an e-vortex by repeated applications of yσ  
operators. 
 
creating a pair of vortex excitations (vortices are always created in pairs). Here two spin operators are 
needed to preserve the alignment of the spins along the z-links, that is, the ground state subspace 
{ }↓↓↑↑ , . By definition, vortices live on different sublattices of the hexagonal lattice and are called  
and - vortices . These vortices (and combinations thereof) define the entire set of low energy 




      Formally, we create vortices by applying the evolution operator to site pairs which, in effect, rotates 
pairs of spins on z-links: ( )τσ αi−exp , where an external field applied for a time τ  reorients both spins. 
The external field can be thought of as an effective magnetic field on the two states ↑↑  and ↓↓ . As 
mentioned earlier, it is not at all clear how one can apply a well controlled external potential to such a 
confined area. A recent proposal  establishes a simple and efficient technique for single atom 
manipulation which, as we will show, enables the creation and manipulation of vortices through 
individual spin operations. Single spin operations at specific sites necessary for creating and braiding 
anyons may be implemented using a combination of focused lasers and microwave pulses which allow 
selective manipulation of spin states of individual target atoms. 
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Figure 2: The two-dimensional plane plots the color scaled potential seen by atoms sitting in the 
hexagonal lattice but in the presence of a focused laser. Dark blue indicates potential minimum for the 
spin down hyperfine state while dark red indicates the maximum. A schematic of the focused laser 
extends out of the plane. Microwave pulses drive the transitions between two spin states (the inset), but 
only for an atom at the center of the focused beam. Atoms at sites away from the center experience a 
weak potential which keeps the hyperfine levels off resonance. 
 
         Taken by itself, the diffraction limited focused laser addresses several sites at once making single 
atom manipulation in optical lattices problematic. In Fig. 2, we plot the potential for atoms in the 
presence of a focused laser. Note that the strength of the focused laser diminishes as we leave the center 
of the focused spot. The focused beam has a maximal intensity located at the target lattice site. The 
spatial distribution of the focused laser intensity induces position-dependent splittings between spin 
states ↑  and ↓ . Accordingly, a spatial gradient in the hyperfine splitting induced by the focused laser 
allows us to choose a microwave frequency resonant with the hyperfine splitting of the target atom  
(located at the center of the focused beam), but has a detuning for non-target atoms. Different spin 
rotations  may be implemented using different phases of an externally applied microwave pulse 
tuned to the transition for the target atom. Because the single spin operations can be accomplished very 
fast (compared to ), the double spin operations, 
ασ
1−
effJh ασ , may be taken as two consecutive single spin 
operations. This procedure (Supplementary Information Section 2) allows for the creation of vortices at 
specifically chosen locations. 
 
      After creating excitations, the next step in acquiring a statistical phase requires a braiding procedure 
for excitations. The usual definition of permutation statistics for fermions and bosons can be thought of 
as a half braid of one particle around another of the same species followed by a translation to effectively 
exchange the positions of the two particles. The net result is an overall gain in a plus or minus sign in the 
wavefunction for bosons or fermions, respectively. Note that a full braid (a closed loop) does not result 
in a sign change. Abelian anyons, by contrast, acquire a phase factor upon a full braid of one anyon 








































Figure 3: a, A braid of an e-vortex, along a path  (blue dotted line) starting from the point A, around 
an e-vortex which started from the point B and moved along a path  (red dotted line). The top e-
vortex forms a closed loop through a series of elementary moves generated from spin operators. When 
the e-vortices return to their starting positions, the resulting state is the same as the starting ground state, 
TC
BC
gψ . b, The same as the top panel but for an e-vortex braided around an m-vortex. Here, spin 
commutation relations at the point D yield a final state 
gψ−  indicating anyonic statistics between e and 
m-vortices. 
 
minus sign upon a full braid of one flavor of vortex around the other flavor (braiding around a vortex of 
the same flavor does not produce a sign change). We propose a technique to braid these anyons and 
detect the minus sign acquired by the wavefunction. In general, braiding a locally defined excitation 
requires the manipulation of a gauge potential along a contiguous path. If the path is closed we have 
constructed a Wilson loop. Braiding in the spin model discussed here is no different. We build a braid 
with a string of spin rotations traversing the lattice. A braid is defined along a path  by : C 3
( )∏ ∈ −= Ck kC kiR αστexp , where the direction of the spin operator, kα , is determined by the direction of 
the move. Note that each move progresses by the annihilation of a vortex on one plaquette and the 
subsequent creation of a vortex on a neighboring plaquette. Figs. 1d and 1e show two types of moves, 
horizontal and vertical, and the associated spin operators. We propose an experiment to initiate moves 
by applying the center of a focused laser (and a properly shaped microwave pulse) to a pair of sites to 
create a pair of vortices. By subsequently applying the laser to sites on a neighboring plaquette we begin 













Figure 4: a, Schematic showing a closed loop braid of an e-vortex, , denoted by a red dotted line. The 
e-vortex is taken around a superposition state of an m-vortex and the vacuum placed at the center of the 
loop by a series of half-spin rotations (
LC
2/π  pulses) along the horizontal, blue dotted line, . The 
crossing point, , carries an observable signature of anyonic statistics, a pair of m-vortices. b, The 





another, Fig. 3a, which produces no sign change and one e-vortex taken around an m-vortex, Fig. 3b, 
which does produce a sign change. One can show that this minus sign arises from the spin commutation 
relations at the site labeled in Fig. 3b (Supplementary Information Section 3). We arrive at an 
important aspect of quasiparticle braiding and related statistics. The defining moment in braiding occurs 
at the braid crossing point. The notion of statistics is topologically robust because the closed loop may 
D
acquire small fluctuations in shape due to external noise, but, as long as it is a closed loop about one m-
vortex, the special point  remains somewhere on the lattice. The spin states at the point  provide an 
observable useful in detecting anyonic braiding statistics. 
D D
 
         We propose an interference experiment to observe the change in sign brought about by the 
braiding procedure. Consider two cases: an e-vortex braided around nothing, i.e. the vacuum state, 
which, after a full braid, leads to the original ground state, gψ , and an -vortex braided around an -
vortex, which leads to 
e m
gψ− . Taken separately the overall sign in each case is not directly observable. 
We create a superposition of both scenarios by simultaneously braiding the -vortex around both the 
vacuum and an -vortex, Fig. 4a. We generate this superposition by separating both -vortices along 
the horizontal path  with a sequence of 
e
m m
HC 2/π  pulses using the operations: 
( )∏ ∈ −= HH Ck zkC iR 2/exp σπ , which creates a superposition of both the -vortex state and the vacuum 
by virtue of the relation: 
m
( ) ( ) 22/exp jj iIi αα σσπ −=− . Braiding an -vortex along the closed loop 
 via: 
e
LC ( )∏ ∈ −= L kL Ck kC iR ασπexp  closes our interference braid. To eliminate auxiliary vortices 
produced by the 2/π  pulses we, as a final step, apply a series of 2/π−  pulses along . One can show HC
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(Supplementary Information Section 4) that the observable signature of anyonic statistics remains at the 
location  where a pair of -vortices remain, Fig. 4c. The new state generated by the interference 




Di ψσ ' . Had the m -vortex never been placed at the center of the loop , the 




gψ , upon a full braid, (see Fig. 4b). The two cases provide comparable experimental 
tests to distinguish a braid producing no net change in the overall, ground state phase and braiding with 
a net change in the phase. Detecting a pair of m-vortices at the location  in the interference 
experiment would provide concrete evidence for anyonic statistics.  
'D
 
         Detecting the presence of vortices (a two-site object) is tantamount to observing the local spin-spin 
correlator, iFDiiT ψσσψ βααβ '=  of two atoms at '  and its z-link neighbor, . Note that given different 
final states, 
D F
gψψ =1  and gzDi= ψσψ '2 , we find  and , that is, the spin 
correlators have different signs contingent upon the existence of a pair of vortices at . In addition,  
and  cannot be zero simultaneously (Supplementary Information Section 5). Therefore, a 
measurement of the sign change in  can discern between the two states 




iT gψ  and gzDi ψσ ' . 
Unfortunately, local spin correlations can only be measured by local operations which distinguish 
themselves from conventional time of flight imaging methods that measure collective effects of the 
whole system . We draw upon a recent proposal to detect local spin correlations to establish a probe to 
detect the presence of individual vortex pairs 23 . We show that the spin correlation functions  are 




FD 'ρ , which may be measured through quantum 
state tomography . In the Supplementary Information Section 6 we outline a well defined experimental 
procedure using focused laser pulses and a probing laser. The presence of vortices sets up an observable 
fluorescence signal from a target atom driven by the probing laser.  From the fluorescence we can infer 
the Stokes parameters, and therefore detect the presence of vortices through a change in sign of the spin-




      We have shown how to create, braid, and detect Abelian anyons in a spin model defined on a 
honeycomb optical lattice.  Our proposed observation of anyonic statistics utilizes two important 
precursors necessary for topological quantum computation:  i) establishing the existence of a topological 
phase of matter, and ii) defining a braiding procedure in performing elementary gate operations with 
topological excitations.  Our braiding technique can also be used to generate different types of 
 10
excitations including Non-Abelian anyons which may be found in the model discussed here but in a 
different parameter regime. Unfortunately, the precise microscopic braiding procedure for non-Abelian 
anyons in the model discussed here remains, as of now, unknown.  
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Supplementary Information for “Anyonic Braiding in Optical Lattices” 
 
 
1. Experimental Configuration Giving the Ground State 
    We review a scheme designed to implement the Kitaev model in optical lattices, as described in 
Ref. [16], using  atoms, though other species can be used as well. Consider a pure  
Bose-Einstein condensate (BEC) prepared in the hyperfine ground state 
Rb87 Rb87
1,1 −==≡↓ FmF  and 
confined to a two dimensional hexagonal optical lattice in the xy -plane, where F and  denotes 
the total angular momentum and the magnetic quantum number of the hyperfine state. Perpendicular to 
the plane, the atomic dynamics are frozen out by high frequency optical traps to give a single two 
dimensional plane . The hexagonal optical lattice structure may be implemented using three pairs 
of far detuned interfering laser beams (wavelength 
Fm
2725−
nm850=λ ) above the xy -plane with an angle 
( )31arcsin2// =ϕ . The projections on the xy -plane of the three pairs of lasers are along the angles 
3λ=a6/π± 2/π and  respectively and the lattice spacing is . The lattice is ramped up 
adiabatically to a deep potential depth such that the condensate is converted to a Mott insulator state 
with one atom per lattice site . Two hyperfine ground states 2,2 −===↑ FmF ↓29,28  and  are 
defined as the effective atomic spin. The anisotropic spin-spin interactions (i.e., the parameters 
) may be adjusted by applying three blue-detuned standing wave laser beams in the xy -plane 
along the tunneling directions x, y, and z 16 . We choose 
zyx JJJ ,,
,33 yxz JJJ ==  consistent with the 
perturbative approximation supporting Abelian anyons . After a long time compared to the spin-spin 
interactions ( ), atoms in the lattice reach the equilibrium ground state 
3,2
ms100~ gψ  of the Kitaev 
model. We then adiabatically ramp up the lattice to around , but keep the relation 
 unchanged during the process. Here,  is the photon recoil energy, 
RE100
MkER 2/
22h=yxz JJJ 33 ==
λπ /2=k  is the wavevector, and M is the mass of the atoms. In the new lattice potential, the ground 
state wavefunction gψ  does not change, while the time scale for spin-spin interactions is enhanced 
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( ), which means that changes in spin-spin interactions during local, fast operations (< 1ms) 
may be neglected. After operations on the ground state are completed we lower the potential defining 




2. Single Particle Manipulation -- Quantitative Analysis 
    Single spin operations at certain sites necessary for creating and braiding anyons may be 
implemented using a combination of focused lasers and microwave radiation . In Fig. 2, we plot the 
atomic potential in a two dimensional, color-scale plot in the presence of a focused laser that 
propagates perpendicular to the hexagonal plane with an intensity maximum at a specific lattice site. 
We also plot a schematic of the focused laser chosen to be -polarized which drives the  
transition to obtain a small diffraction limit. It induces a red-detuned trap for the spin state 
21
PS 65 →+σ
↓  with a 
depth chosen to be , but a blue-detuned trap for spin state ↑REV 35−=↓ REV 18=↑ with depth  
(corresponding to a power of nm421=λ). The wavelength of the laser is chosen to be W. μ58 , 
which corresponds to a detuning GHz120920 ×−=Δ π  from the transition  to obtain 





2 65 PS →
 
    A microwave pulse applied to the whole system will tune the spin state of the target atom. The 
microwave frequency is chosen to be resonant with the hyperfine splitting of the target atom where the 
focused laser is applied, but has a detuning RE52≈δh  for non-target atoms. Different spin rotations 
along an axis on the xy -plane,  and  (notice that  is a combination of  
and ), may be implemented using different phases of the microwave pulse. A Gaussian shaped 
pulse 
xσ yσ yxz i σσσ = xσ
yσ
( ) ( )2200 exp tt ω−Ω=Ω  ( ) with parameters 4/0 δω =  and ff ttt ≤≤− 70 =ftω  (corresponding 
to a pulse period st f μ552 = ) is used to perform single spin operations. Different pulse areas are 
implemented by varying the pulse amplitude , instead of the pulse period . The variations of 0Ω ft2
 2
↑ ↓probabilities of neighboring atoms in hyperfine states  and  caused by the microwave pulse 
are found to be smaller than . In addition, refocused microwave pulses, similar to techniques used 
in NMR studies, have been used to eliminate the phase variations of neighboring atoms due to the 
Rabi pulses. As a whole, the single spin operations may be accomplished in roughly 200μs and the 
probability to spontaneously scatter an unwanted photon is estimated to be small, . The total 
probability for scattering a photon is around  in the whole braiding process which consists of 




     
    The focused lasers need to be spatially stabilized because a displacement of the laser center from 
the minimum of the optical lattice potential induces a detuning of the microwave from the hyperfine 
splitting between two spin states of the target atom, and thus reduces the fidelity of the single spin 
rotation. For a small displacement 10nm, we estimate the detuning to be about Hz3502 ×π  and the 
fidelity of the rotation is degraded by , which is very small and may be further corrected using 
composite pulse technology developed in NMR quantum computation .     
3103 −×
30
     
    Because the single spin operations can be accomplished very fast ( ), the double spin 
operation 
ms2.0~
yσ  may be taken to be two consecutive single spin operations. Although each single 
operation  or  does not preserve the spin subspace { }↓↓↑↑ , yσ xσ , the spin-spin interactions 
along the z-link which preserve the spin alignment are weak and can be neglected, therefore two 
consecutive spin operations are equivalent to a double spin operation. 
 
3. Microscopic Derivation of the Anyonic Statistical Phase 
    The minus sign generated by a full braid of an -vortex around an m-vortex can be computed 
from the commutation relations of the Pauli matrices. In Fig. 3a, we, for comparison, show how to 




zσ at lattice sites A and B respectively. The bottom left vortex is moved to the center 
of the lattice along a path  by a series of spin operations  defined in the text. The top left BC BCR
 3
vortex is then braided around the central vortex along a path . The central vortex can be moved 





 at sites A and B. Because the paths  and  do not intersect at any lattice site,  and 














RRR ψψσσσσψ == −1
TC
R . There is 
therefore no net gain in an overall minus sign in a braid of an -vortex around another -vortex. e e
 
    The situation is different when an -vortex is braided around an -vortex as shown in Fig. 3b 
where the same procedure as that in Fig. 3a has been applied. Here, however the paths  and  
intersect at lattice site  where spin operators  from  and  from  are both applied. 
Because of the anti-commutation relation of  and , a minus sign is obtained when we 



















4. Derivation Showing How the Interference Experiment Leaves Behind a Pair of Vortices 
 
    The interference braiding sequence allows for an experimentally observable distinction between a 
braid with or without a central -vortex inside the loop. In Fig. 4b, with no -vortex inside , 







R ψψσσψ ==1 , is the same as the initial state. While in Fig. 4a an 






RRR ψσσψ 12 −=  and is quite different from the initial ground state. At the 
intersection site , the path  contains the operation ( ) 22/ zi iIe z σσπ −=−HCD′ , while  
contains the operation 
LC
y
Di ′− σ  and the commutation of them yields 
( ) gzCzCCzDD LHH RRRiI ψσσσψ 122 21 −′′ += gzDi ψσ ′= , showing a pair of -vortices at the site m D′ . 
 4
 5. Derivation Proving Spin-Spin Correlators  and  Cannot Be Zero Simultaneously xxT1
yxT1
↓′↓↑′↑ ↓↓+↑↑= φμφμψ FDFDg    The ground state wavefunction can be written as , where 
 and  are superposition coefficients,  and ↑μ ↓μ ↑φ ↓φ  are wavefunctions of atoms at all other sites 
and satisfy the normalization conditions 1== ↓↓↑↑ φφφφ . In the topologically ordered ground 
state, the spins at sites D′  and  are highly entangled with other spins, therefore  and F ↑μ ↓μ  are 
both non-zero. For , sites D′ ↓↑ = φφ and F are decoupled from other sites and 0== yx JJ . As 
 and  become non-zero, the overlap xJ yJ ↓↑ φφ  starts to decrease from 1, but is not zero for small 
, . Substituting gψxJ  into the two spin correlators, we find yJ
( ↓∗↑↓↑′ == μμφφψσσψ Re1 gxFxDgxxT ) ( ↓∗↑↓↑′ == μμφφψσσψ Im1 gxFyDgyxT ) and  respectively. 
Clearly,  means that either 011 == yxxx TT  or ↑μ ↓μ  must be zero, which is impossible for the 
topological ordered ground state. 
 
6. Outline of the Experimental Proposal to Measure the Spin-Spin Correlator 
    As described in the text, anyonic statistics may be probed by measuring local spin correlations 
which have different signs contingent upon the existence of a pair of m-vortices remaining after an 
interference braid. Below, we outline an experimental proposal for the observation of local spin-spin 
correlations . We first note that the spin correlator between atoms at two sites  and F can be 
written as 
D′23
( )FDFDFDi TrT ′′′= ρσσ βααβ iiFD Tr ψψρ =′, where  is the local reduced density matrix of 
sites  and F obtained by tracing out all other sites. Therefore the spin correlation functions  
are the Stokes parameters of the density matrix 
D′ αβiT
FD′ρ , which may be measured using quantum state 
tomography . 24
 
    The Stokes parameters can be determined by imaging atoms on different basis states. For 

























Figure 5: Series of experimental steps used to measure the spin-spin correlation function of two spins. 
A indicates either one of the two spins while C indicates all other spins in the lattice. See 
Supplementary Section 6 for a description of each step. 
 ( )21122211 PPPPT xxi +−+={ 22211211 ,,, }D′  and F in the basis  using the relation , where 
( ) 2 1 ↑+↓≡ ( ) 2 2 ↑−↓≡ and . We propose to measure these probabilities after, once  
again, adiabatically ramping up the depth of the optical lattice. The experimental scheme is plotted and 
described using four steps as shown in Fig. 5. a, Using single spin operations, we apply 2/π  pulses 
to both atoms  and F along the  spin axis to transfer atoms to the new basis. b, In order to 
prevent fluorescence signal from non-target atoms during further detection processing we transfer all 
atoms at the state 
D′ yσ
↓ 1,1 == FmF π to the state  by two  microwave pulses, then all atoms at the 
state ↑ ↓ π  microwave pulse. c, With the assistance of   are transferred to the state  by another 
↓ ↑D′ and F and transfer them from state focused lasers, we select only atoms at sites  back to . d, 
A detection laser that is resonant with 3,3:53 2/3
2 −==≡→↑ FmFP  is applied to detect the 
probability of finding the atoms at ↑ 2 (corresponding to the basis state ). The fluorescence signal 
(the number of scattered photons) has three quantized levels, which correspond to states 
11 22 12 21, , (or ), respectively. Repeating the entire experiment many times yields the 
probabilities 11P 22P 2112 PP +,  and , and thus determines the Stokes parameters . Similarly, 
we can measure the spin correlation function  with different basis states 
xxT1
{ }22122111 ,,,yxT1 , 
where ( ) 2 1 ↑+↓= i ( ) 2 2 ↑−↓= i and  define a basis for atom . In discussing D′
 6
these steps, we have applied a very general technique, a measure of the two-spin correlation function 
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